High-affinity antibodies and long-lived memory B cells are the hallmarks of the humoral response. Activated B cells undergo affinity maturation and differentiation in the GC and are dependent on signals provided by CD4 + T FH cells 1 , including IL-21 and costimulatory molecules such as CD40L [2] [3] [4] [5] . The signals provided by T FH cells include cytokines shared by other helper T cell subsets, such as IL-4 and interferon-γ (IFN-γ), which promote B cell isotype switching to different pathogen challenges 3, [6] [7] [8] . T FH cell-derived IL-21 is a key regulator of the GC, as in its absence, B cells display defects in affinity maturation and generation of long-lived plasma cells 4, 5 . IL-4 also promotes the GC response, as mice deficient in this cytokine or its high-affinity receptor, IL-4Rα, have compromised immunoglobulin IgG1 and IgE responses 7,9,10 , and its deletion results in defective population expansion of GC B cells 7 . IL-4 secretion, together with CD40-CD40L signaling, enables T FH cells to activate the enzyme AID ('activation-induced cytidine deaminase') in B cells, which is necessary for class-switch recombination and immunoglobulin affinity maturation 6, 11 . The interaction of IL-21 and IL-4 signals shapes the humoral response, with IL-21 deficiency in mice resulting in increased IlL-4-driven IgE switching and their combined deficiency leading to an impairment in GC formation and antibody responses that exceeds the impairment resulting from deficiency of either alone 12, 13 .
High-affinity antibodies and long-lived memory B cells are the hallmarks of the humoral response. Activated B cells undergo affinity maturation and differentiation in the GC and are dependent on signals provided by CD4 + T FH cells 1 , including IL-21 and costimulatory molecules such as CD40L [2] [3] [4] [5] . The signals provided by T FH cells include cytokines shared by other helper T cell subsets, such as IL-4 and interferon-γ (IFN-γ), which promote B cell isotype switching to different pathogen challenges 3, [6] [7] [8] . T FH cell-derived IL-21 is a key regulator of the GC, as in its absence, B cells display defects in affinity maturation and generation of long-lived plasma cells 4, 5 . IL-4 also promotes the GC response, as mice deficient in this cytokine or its high-affinity receptor, IL-4Rα, have compromised immunoglobulin IgG1 and IgE responses 7, 9, 10 , and its deletion results in defective population expansion of GC B cells 7 . IL-4 secretion, together with CD40-CD40L signaling, enables T FH cells to activate the enzyme AID ('activation-induced cytidine deaminase') in B cells, which is necessary for class-switch recombination and immunoglobulin affinity maturation 6, 11 . The interaction of IL-21 and IL-4 signals shapes the humoral response, with IL-21 deficiency in mice resulting in increased IlL-4-driven IgE switching and their combined deficiency leading to an impairment in GC formation and antibody responses that exceeds the impairment resulting from deficiency of either alone 12, 13 .
Interactive engagement between T FH cells and GC B cells entails repeated short-lived cellular contacts 14 . Chronological accumulation of T cell-derived signals results in the development of B cells that express high-affinity immunoglobulin receptors 15 and their differentiation into antibody-secreting cells (ASCs) 16 . Conversely, repetitive cognate T cell-GC B cell interactions result in T cell antigen receptor (TCR)-dependent changes in Ca + and in cytokine expression in T cells 17 , with B-cell-derived signaling via the inducible co-stimulator ICOS promoting proper positioning of T FH cells in the B cell follicle and GC 18 and upregulation of CD40L on T FH cells 19 , which is necessary for GC B cell selection 20 .
We found that as a consequence of T cell-B cell interactions, T FH cell function evolved during the GC response, with these changes being critical for B cell maturation. T FH cells differentiated from an IL-21 + T FH cell population that we observed proximally to the GC dark zone, the site of hypermutation of immunoglobulin-encoding genes, early after immunological challenge to an IL-4 + T FH cell population that had robust expression of CD40L and that developed later and resided more distal to the dark zone than did the IL-21 + T FH cell population. Modulation of the T FH cell phenotype in the GC was dependent on cell division and occurred in concert with alterations in gene expression. These distinct T FH cell populations were responsible for unique effects on B cell maturation, with IL-21 + T FH cells enabling selection of high-affinity clones and IL-4 + T FH cells facilitating differentiation of antibody-secreting plasma cells. Thus, after entering the GC, T FH cells undergo progressive maturation to regulate GC B cell differentiation.
RESULTS

IL-4 and IL-21 define three populations of T FH cells
Disruption of signaling by either IL-21 or IL-4 results in defective humoral responses 4, 5, 7, 12, 21 . The non-redundant functions 1 1 9 8 VOLUME 17 NUMBER 10 OCTOBER 2016 nature immunology A r t i c l e s Fig. 1a) , with IL-21-Kat expression being largely restricted to the follicle and absent from sites of nascent T FH cell-DC interactions 24 in the T cell zone ( Supplementary Fig. 1b) ; this suggested that initial cytokine expression depended on interactions with B cells. The number of IL-21-Kat + T FH cells in the GC increased through day 12 ( Supplementary Fig. 1c (Fig. 1a) , a mixture of central memory T cells, T H 2 cells and pre-T FH cells 27 . We detected small numbers of splenic IL-21-Kat + T FH cells, IL-21-Kat + IL-4-GFP + double-positive T FH cells, IL-4-GFP + T FH cells (Fig. 1b) (Fig. 1b,c) . From day 5, the abundance of IL-21-Kat + T FH cells decreased, whereas that of IL-4-GFP + T FH cells increased; the latter became dominant by day 15, at which point the IL-21-Kat + IL-4-GFP + double-positive population had also receded (Fig. 1b) . All three populations were present in the GC at days 7-8 (Fig. 1b,d) . In contrast, beginning at day 3 and extending to day 15 after infection, T H 2 cells were IL-21-Kat − IL-4-GFP + , as expected (Fig. 1b) . The last cell population arose by day 3 and showed a gradual loss of IL-21-Kat + cells by day 15 (Fig. 1b,c) .
The immune response to N. brasiliensis begins in lymph nodes of the mediastinum, followed by those in the mesentery and then in the spleen 28 Fig. 2a ). In the mesenteric nodes of infected Il21 Kat/Kat Il4 GFP/GFP mice, T FH cells were IL-21-Kat + by day 3, followed by a shift toward IL-4-GFP + T FH cells by day 8 (Supplementary Fig. 2b ), analogous to results obtained for the spleen. Because we were able to detect GC B cells in the mediastinal and mesenteric lymph nodes of uninfected mice (Supplementary Fig. 2c ), presumably as a result of environmental antigen exposure 29 , we focused the remainder of our experiments on splenic responses to minimize background.
We Fig. 3 ). These results suggested that cytokine transcript expression in T FH cells occurred in a progressive manner, with IL-21-Kat appearing first at day 3, followed by IL-4-GFP at day 5 after infection, after which IL-21-Kat expression was gradually lost, with IL-4-GFP expression being maintained to day 15. We next sought to address the secretion of IL-4 and IL-21 in reporterexpressing T FH cells following infection of Il21 Kat/Kat Il4 GFP/GFP mice with N. brasiliensis. Although we detected three T FH cell populations that expressed Il4 and Il21 mRNA between days 5 and 8 during our initial time-course experiment, intracellular cytokine staining after ex vivo stimulation with the phorbol ester PMA and ionomycin at these time points indicated that T FH cells produced mainly either IL-4 or IL-21 ( Supplementary Fig. 4a ). Similar observations were made after intraperitoneal immunization of wild-type mice with NP-keyhole limpet hemocyanin in alum (Supplementary Fig. 4b,c) . By dual-color ELISPOT assay, we detected secretion of IL-21 or IL-4 by individual splenic T FH cells isolated from Il21 Kat/Kat Il4 GFP/GFP mice 8 d after N. brasiliensis infection (Fig. 1f) . Although ELISPOT assays only detected a relatively small number of IL-21 + or IL-4 + T FH cells, as noted by others 30 , analysis of IL-21-Kat + , IL-21-Kat + IL-4-GFP + and IL-4-GFP + sorted splenic T FH cells revealed a strong correlation between reporter expression and cytokine secretion, with IL-21-Kat + T FH cells producing IL-21, and IL-4-GFP + T FH cells producing IL-4, which substantiated the fidelity of the reporters, and the majority of T FH cells secreted only one or the other cytokine (Fig. 1f) . In contrast, relatively few T FH cells secreted both IL-21 and IL-4 (Fig. 1f) . Thus, we called the IL-21-Kat + cells 'T FH 21 cells' and IL-4-GFP + cells 'T FH 4 cells' . We found that the IL-21-Kat + IL-4-GFP + double-positive T FH cells produced either IL-21 or IL-4 but rarely both, as assessed by ELISPOT assay (Fig. 1f and Supplementary  Fig. 4a,c) , which suggested that secretion of these cytokines by the T FH cells was largely exclusive; thus, we called the dual-reporter-expressing IL-21-Kat + IL-4-GFP + T FH cells 'T FH 21+4 cells' . Collectively, these results supported the idea that the expression and secretion of cytokines by T FH cells change over the course of an infection.
A r t i c l e s
T FH 21 and T FH 4 cell populations are transcriptionally distinct
To determine whether the three cytokine-expressing CD4 + CD44 hi CXCR5 hi PD-1 hi T FH cell populations were transcriptionally distinct, we infected Il21 Kat/Kat Il4 GFP/GFP mice with N. brasiliensis and sorted splenic IL-21-Kat + , IL-21-Kat + IL-4-GFP + and IL-4-GFP + T FH cells, as well as IL-4-GFP + T H 2 cells, at day 8 after infection ( Supplementary Fig. 5a ). By RNA sequencing, we made a total of six pairwise comparisons between the aforementioned four populations, which resulted in the identification of 1,300 genes that were expressed differentially (false-discovery rate (FDR) q value, <0.05) in at least one of the pairwise comparisons, with T H 2 cells being the most different from each population of T FH cells ( Fig. 2a and Supplementary Fig. 5b ). The T FH 21 and T FH 21+4 groups were most alike, whereas T FH 4 cells shared similarities with the T FH 21+4 and the T H 2 populations ( Fig. 2a and Supplementary Fig. 5b ). Clustering analysis assigned each differentially expressed gene to one of four groups ( Fig. 2a and  Supplementary Fig. 5c ), which represented modules of IL-21-correlated genes, IL-4-correlated genes, T FH cell-defining genes (including 
Sh2d1a and Batf), and non-T FH cell genes (such as Il2ra and Tbx21).
To analyze the transcriptional differences among the three T FH cell populations, we examined a curated set of genes previously described as being up-or downregulated in T FH cells relative to their expression in other CD4 + helper T cell subsets [31] [32] [33] . Batf and Ascl2, which encode T FH cell-associated transcription factors 33, 34 , were upregulated in T FH 21 and T FH 21+4 cells relative to their expression in T FH 4 cells, whereas expression of the chemokine-receptor-encoding gene Cxcr4 was higher in IL-21-Kat + T FH cells than in the other two T FH cell populations (Fig. 2b,c) . Expression of Cxcr5 and Pdcd1 was highest in T FH 21+4 cells (Fig. 2b) , a result confirmed by flow cytometry staining of the chemokine receptor CXCR5 and co-stimulatory molecule PD-1 (Fig. 2d) A r t i c l e s and differences in its expression could affect the ability of T FH cells to interact with centrocytes and centroblasts in the LZ and DZ, respectively 20 . Consistent with our transcriptome analysis, at day 8 following infection of Il21 Kat/Kat Il4 GFP/GFP mice with N. brasiliensis, T FH 4 cells showed significantly less surface expression of CXCR4 than that of T FH 21 cells or T FH 21+4 cells (Fig. 3a) , consistent with its upregulation by Ascl2 (ref. 34 ) in these two cell types (Fig. 2c) .
On the basis of that observation, we investigated whether the T FH cell populations localized to different regions of the GC. Staining of splenic sections of Il21 Kat/Kat Il4 GFP/GFP mice with the complement receptor CD35 revealed follicular dendritic cells that identified the GC LZ 36 (Fig. 3b) (Fig. 3c) . In contrast, cell-surface expression of CD40L 37 , which, in combination with IL-4, promotes switching to IgG1 and regulates GC B cell differentiation via CD40 signaling 2, 38 , was significantly enhanced on T FH 
cells and T FH 4+21 cells relative to its expression on T FH 21 cells at day 8 after infection of
Il21 Kat/Kat Il4 GFP/GFP mice with N. brasiliensis (Fig. 3d) (Supplementary Fig. 6a ). At 13 d after secondary infection, approximately 15% of the transferred IL-21-Kat + T FH cells retained sole expression of the Il21 Kat transcript, whereas about 50% acquired IL-4-GFP expression (Fig. 4a,b) . Approximately 40% of the transferred IL-21-Kat + IL-4-GFP + double-positive T FH cells became IL-4-GFP-expressing T FH 4 cells, whereas about 10-15% retained expression of both IL-21-Kat and IL-4-GFP (Fig. 4a,b) . In contrast, almost all of the transferred IL-4-GFP + T FH cells remained IL-4-GFP + , with around 15% also upregulating expression of IL-21-Kat (Fig. 4a,b) . Transferred IL-21-Kat − IL-4-GFP − double-negative T FH cells did not acquire expression of either cytokine by day 13 (data not shown). Transferred IL-4-GFP + cells were localized more distal to the DZ than were IL-21-Kat + cells (Supplementary Fig. 6b ), consistent with their higher expression of CXCR4. Transferred T FH cell subsets maintained their surface phenotype after transfer, albeit with fewer donor T FH 4 cells than T FH 21 cells or T FH 21+4 cells in recipient spleens (Supplementary Fig. 6c-e) . Approximately 10% of the transferred T H 2 cells were able to acquire T FH cell markers, although this resulted in fewer total T FH cells than when T FH 21 cells or T FH 21+4 cells were transferred 17 ( Supplementary Fig. 6d ). In a similar manner, donor T FH cells maintained similar phenotypes when examined at 7 d after transfer (Supplementary Fig. 6f-h) . We sorted each of the three T FH cell populations at 13 d after transfer and determined their production of IL-21 or IL-4 by dual-color ELISPOT assay. The progeny of transferred IL-21-Kat + T FH cells included cells that secreted IL-21 or IL-4, with rare cells secreting both (Fig. 4c) . Most of the transferred IL-21-Kat + IL-4-GFP + double-positive T FH cells became IL-4-secreting cells, whereas transferred IL-4-GFP + T FH cells retained the IL-4-GFP + single-positive phenotype (Fig. 4c) . There was a strong correlation between cytokine-reporter expression and protein secretion in all transferred T FH cells, as well as a nearly complete absence of cells simultaneously secreting IL-21 and IL-4 (Fig. 4c) .
To determine whether T FH cells isolated at an early time point following pathogen challenge exhibited kinetics of cytokine expression similar to those noted above, we modified our transfer model (Supplementary Fig. 6a ) to obtain IL-21-Kat + and IL-21-Kat + IL-4-GFP + T FH cells from 5 d after infection with N. brasiliensis instead of 8 d after infection. There were insufficient splenic T FH 4 cells to transfer at this time point, which precluded their analysis (Fig. 5a) . IL-21-Kat + and IL-21-Kat + IL-4-GFP + T FH cells isolated from infected donors at day 5 maintained expression of CXCR5 and PD-1 in recipients after adoptive transfer (Fig. 5b,c) . However, in contrast to IL-21-Kat + cells isolated 8 d after infection, which largely remained IL-21-Kat + after transfer, 40% of such cells isolated at day 5 after infection converted into IL-4-GFP + cells following transfer (Fig. 5d) . Collectively, these data suggested a model of progressive differentiation of T FH cells from IL-21-Kat + cells to IL-4-GFP + cells.
T FH 21 cells and T FH 4 cells regulate GC responses differentially
We next tested the idea that T FH cell populations with differential expression of IL-21, IL-4, CD40L and CXCR4 contribute to distinct GC B cell responses. We sorted T FH (Fig. 6a,b) . This suggested that even though the T FH 21+4 (Fig. 6c) . In addition, IgG1 production by GC B cells in Thy1.1 + Stg B6 recipient mice into which we adoptively transferred Il4 −/− Il21 Kat/Kat Il4 GFP/GFP or Il4 +/+ Il21 Kat/Kat Il4 GFP/GFP T FH 21 cells was similar (Supplementary Fig. 7a) , which suggested that the minimal amount of IL-4 produced by T FH 21 cells had a negligible effect on IgG1 synthesis, as expected. Moreover, adoptively transferred T FH 21+4 cells and T FH 4 cells drove more splenic ASCs to secrete IgG1 and IgE than did T FH 21 cells (Fig. 6d and Supplementary Fig. 7b ), consistent with their higher expression of IL-4 ( Fig. 4d) and CD40L (refs. 38,41) (Fig. 3d) . T FH 21+4 cells also promoted the development of more B220 lo CD138 + plasma cells than did T FH 21 cells (Supplementary  Fig. 7c ). Using an ELISA specific for N. brasiliensis antigens, we found no difference in the amount of serum IgM, but we did find significantly larger amounts of IgG1 in recipients of T FH 21+4 cells and T FH 4 cells than in mice given transfer of T FH 21 cells, and we also found a trend toward increased IgE production (Fig. 6e) . The differences in B cell and plasma cell phenotypes in recipient mice were not the result of enhanced proliferation or diminished B cell apoptosis, as uptake of the thymidine analog BrdU in GC B cells was similar among mice into which each of T FH cell subsets were transferred ( Supplementary  Fig. 7d) , whereas caspase-3 activity was similar in mice that received T FH 21 cells or T FH 4 cells (Supplementary Fig. 7e) .
To assess the quality of antigen-specific GC B cells generated by the T FH cell subsets, we isolated T FH Fig. 7f ). We then sequenced the gene encoding the immunoglobulin heavy-chain variable region 186.2 (V H 186.2) in splenic GC B cells isolated from host mice at 13 d after infection to determine the occurrence of the high-affinity substitution of leucine for tryptophan at position 33 (W33L) 42 (Fig. 7a) . Although GC B cells from all three recipient groups had a similar overall frequency of mutations in their V H 186.2-encoding genes (Fig. 7b) , the W33L point substitution occurred significantly more often in GC B cells from recipients of T FH 21 cells than in in those from recipients of T FH 4 cells (Fig. 7c) , which indicated that T FH 21 cells positively promoted selection rather than merely somatic mutation. Although transferred T FH 21 cells promoted the formation of fewer low-and highaffinity anti-NP ASCs than did T FH 21+4 cells or T FH 4 cells (Fig. 7d) , this was probably a result of impairment in class-switch recombination (Fig. 6c-e and Supplementary Fig. 7a,b) rather than in affinity maturation. Conversely, recipients of T FH 21+4 cells or T FH 4 cells, which had fewer GC B cell clones with mutations that conferred increased affinity for NP, had larger numbers of high-affinity anti-NP IgG1 and IgE ASCs than did recipients of T FH 21 cells (Fig. 6d and Supplementary  Fig. 7b) , a finding consistent with their enhanced promotion of IgG1-and IgE-secreting ASCs. Although transferred T FH 21 cells differentiated into T FH 21+4 cells and T FH 4 cells and began producing IL-4 over the 13-day course of the experiment (Fig. 4d) , they were not able to induce the phenotypic changes in GC B cells expected of IL-4 + T FH cells, such as class switching to IgG1 (Fig. 6c) , possibly as a result of insufficient or delayed onset of IL-4 production (Supplementary Fig. 7a ).
In addition, GC B cells in mice given transfer of T FH 21 cells or T FH 21+4 cells expressed significantly more Bcl-6 than did those in mice that received T FH 4 cells (Fig. 7e) . In contrast, expression of Prdm1, which encodes Blimp-1, was higher in GC B cells from mice given T FH 21+4 cells or T FH 4 cells than in those that received T FH 21 cells (Fig. 7e) 17 . We found that these transient TCR signals were mirrored by durable changes in transcriptional program, localization and surface ligand presentation that occurred over several days.
One important difference between the T FH 21 cell transcriptional program and that of T FH 4 cells seemed to be migratory regulation. GC B cells deficient in CXCR4 fail to localize to the DZ, which results in lower rates of somatic mutation than those of CXCR4-sufficient cells 36 . GC B cells that more robustly engage antigen, which enables presentation of the antigen to T FH cells, reside longer in the DZ than in the LZ and acquire more mutations in immunoglobulin-encoding genes, with increased antigen affinity 20 . Our results suggested that T FH cells were not evenly distributed in the GC; instead, those populations nearest the DZ showed enrichment for T FH 21 cells, which efficiently selected high-affinity mutant B cells. CXCR4 hi centroblasts lose CXCR4 and migrate out into the light zone 43 . In a similar manner, T FH 4 cells that developed later in the course of the helminth-induced GC response had lower CXCR4 expression with a diminished ability to migrate efficiently to CXCL12.
Our results support the proposal of a critical role for T FH cell-derived IL-21 in an effective humoral response 4, 5, 12 . In its absence, such as in mice given transfer of T FH 4 cells, GC B cells had lower Bcl-6 expression and generated fewer CD138 + plasma cells while showing a trend toward fewer antigen-specific ASCs and lower serum helminth-specific IgG1 than those of recipients of T FH 21+4 cells, in which both cytokines were present. These data revealed that T FH 21 cells and T FH 21+4 cells were essential sources of IL-21, which is required for the maintenance of Bcl-6 expression in GC B cells, GC longevity and production of plasma cells 4, 5 .
Although IL-21 is a necessary factor for a productive humoral response, T FH 21 cells on their own were not fully capable of orchestrating a productive humoral response, concordant with the observation that IL-21 expression is not sufficient for ASC formation 4, 5, 22 . T FH 21 cells were not able to mobilize high levels of CD40L, a molecule that is critical for class switching 44 and plasma cell differentiation 38 and mediates Bcl6 transcription 45, 46 . Furthermore, in contrast to T FH 4 cells, T FH 21 cells failed to induce expression of Prdm1 (Blimp-1) in GC B cells, which is critical for plasma cell development 2, 44, 47, 48 and is antagonized by Bcl-6 (ref. 49) . GC B cells from recipients of T FH 21+4 cells shared traits with those from recipients of T FH 21 cells, such as more frequent high-affinity mutations and increased Bcl-6 expression, and also shared traits with those from recipients of T FH 4 cells, including increased expression of IgG1 and Prdm1, but had less apoptosis than that of either group of single-cytokine producers, which highlights the substantial synergy between IL-21 and IL-4 in promoting GC responses 12, 40 .
We found that T FH cells matured phenotypically and transcriptionally over the course of the GC response. These cells existed as discrete subsets that progressively differentiated in terms of their modulation of cytokine production 17 and their localization and surface ligand expression to 'fine tune' the GC reaction.
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